Abstract: The sustainable benefits of waste glass usage in concrete include the possibility of reducing solid waste and greenhouse gas emission and preservation of raw materials. This current study examines the effect of recycled waste glass as a partial and complete substitute for natural sand in producing eco-friendly concrete. The recycled waste glass was proportioned in levels of 25, 50, 75 and 100% by weight to substitute sand in the concrete using a mix ratio of 1:2:4 (cement:sand: gravel) at a W/C ratio of 0.5 targeting 20 MPa strength at 28 days. Tests, which include X-ray fluorescence (XRF), were conducted on the waste glass and cement materials; slump test was performed on the freshly prepare concrete at different percentage glass content. Compressive and tensile strength tests were performed on 60 specimens after 3, 7, 28 and 90 days of curing. The concrete microstructure was examined using the scanning electron microscope (SEM). Results showed that ABOUT THE AUTHORS Oluwarotimi Olofinnade is currently a PhD student at the Department of Civil Engineering, Covenant University, Nigeria. He is a registered engineer and author/co-author of over 20 peerreviewed articles. He is currently working on recyclable wastes as alternatives construction material.
PUBLIC INTEREST STATEMENT
The need for a pollution-free and greener environment has increased the awareness on the seriousness of reducing wastes that are disposed in landfills or dump sites through reusing of these wastes. Moreover, concrete production is regarded as one of the largest consumer of natural resources. Consequently, there is a need also to make concrete production sustainable in a way that will preserve the natural resources from further depletion and reduce greenhouse gases emission. Therefore, investigations into ways of utilizing solid waste materials, such as waste glass, as replacements for natural aggregates in the production of concrete are receiving more attention. Determined research efforts have been focused on investigating waste materials with similar physical and engineering qualities to the traditional materials. Thus, a sure option of making concrete production more sustainable and eco-friendly is incorporating wastes as an alternative material for concrete production.
workability and the mechanical strength of the concrete produced decreased with increasing waste glass content. However, concrete containing 25% and 50% waste glass contents showed significant enhancement in strength, but it is recommended that the optimum glass content should be 25% for the production of sustainable eco-concrete.
Introduction
The benefit of using waste glass as a substitute for natural aggregate in concrete offers a promising environmental solution to the growing problem of efficient management of glass wastes in developing nations. Glass is an indispensable material to man and one of the oldest man-made materials on earth. Because of its properties, glass can be formed into many shapes and forms, which include flat glass, bulb glass, container or bottle glass and cathode ray tube glass (in addition to being produced in many colours). However, glass has a limited life usage in the forms in which they are produced (Ali & Al-Tersawy, 2012) . Moreover, based on chemical compositions, glass can be classified into different categories with the most widely used and readily available glass type being soda-lime glass (Shi & Zheng, 2007; Siddique, 2008) .
In recent years, there has been a gradual increase in the amount of generated waste glass owing to increasing use of glass products. This has led to huge glass waste being dumped into landfills or dump sites (Rashad, 2014) . In addition, the United States Environmental Protection Agency (U. S. EPA) stated that 11.5 million tonnes of waste glass are generated annually in the United States (U. S. EPA, 2014) . Hence, the need for reusing or recycling of waste glass in order to prevent the environmental nuisance that is caused by stockpiling or dumping of glass waste in landfills or dump sites. Unlike other solid waste materials, glass is considered a non-biodegradable material, thus constitutes a menace to the environment through indiscriminate disposal. Sobolev, Turker, Soboleva, and Iscioglu (2006) opined that theoretically glass is a 100 per cent recyclable material, meaning that glass waste can be endlessly recycled as cullet in glass production without any loss of purity and quality. However, Tan and Du (2013) reported that comparing the recycle of glass with those of other solid waste materials, less glass recycling is done in developing countries. In addition, a study by Afshinnia and Rangaraju (2016) stated that although there has been increasing effort to recycle glass waste in recent times, over 50% of collected waste glass in some parts of the world is still being disposed of in landfills. For instance, in the United States, 11,480 thousand tonnes of waste glass was generated in 2014 and only 26% was recycled, with the remainder being landfilled (EPA, 2014) . Some of the challenges limiting its recycle include at-source mixing of dissimilar coloured glasses. In addition, other challenges include the operational cost and removal of contaminants and residues from the waste glass stream.
In recent years, attempts have been made to use the construction industry for managing solid waste since they provide the real potential means of consuming large quantities of generated solid waste or industrial byproducts (Ali & Al-Tersawy, 2012; Calkins, 2009; Chesner, Coollins, & Mackay, 1997; Ling, Poon, & Wong, 2013; Olofinnade, Ede, Ndambuki, & Bamigboye, 2016a; Rashad, 2014; Siddique, 2008; Sobolev et al., 2006; Tan & Du, 2013) . According to Chesner et al. (1997) , Shi and Zheng (2007) , a huge amount of waste with proportionately low quality can be utilized as construction materials. Studies carried out by Shi and Zheng (2007) , Jani and Hogland (2014) , Akinwumi, Awoyera, Olofinnade, Busari, and Okotie (2016), and Olofinnade, Ede, and Ndambuki (2017a) emphasized that wastes used in the production of concrete provides a potential way of managing wastes, such as glass bottles, construction and demolition waste, rice husk and fly ash. Furthermore, it is important to note that waste recycle and reuse are also sustainable ways of improving and preserving the environment. This is an effective way to reduce waste, extend the lifespan of landfills, reduce greenhouse gas (GHG) emissions, save energy, and preserve of natural resources (Sonebi, 2015) . Moreover, with the increasing attention on the need to protect the environment, using solid wastes as ingredients of concrete production is becoming an option. This is because it offers great opportunities for efficient waste management, energy saving and preservation of raw resources in addition to creating a better performance concrete (Akinwumi et al., 2016; Federico & Chidiac, 2009; Matos & Sousa-Coutinho, 2012) . Moreover, Shi and Zheng (2007) and Olofinnade et al. (2017a Olofinnade et al. ( , 2017c reported that utilizing recycled waste materials in producing sustainable and eco-friendly concrete is among the most innovative options for protecting and preserving the environment. As Kline and Barcelo (2012) pointed out, concrete is widely used as construction material and its production contributes to a large extent part of worldwide CO 2 emissions. In addition, Mehta and Monteiro (2006) estimated that yearly, the production of concrete consumes about 1.5 billion tonnes of cement, 9 billion tonnes of natural aggregate and 1 billion tonnes of water. Thus, based on this estimation, concrete production is expected to have significant impact on the environment as emphasized by Meyer (2009), Bamigboye, Ede, Raheem, Olofinnade, and Okorie (2016) and Ede, Olofinnade, Ugwu, and Salau (2018) . Meyer (2009) estimated that by the year 2050, the demand for concrete would have increased to about 18 billion tonnes due to surging construction activities and expected infrastructural development. This implies that concrete would be of great importance in the coming future and the need, therefore, for concrete industry to embrace sustainability in a bid to conserve natural resources, save energy and reduce the amount of CO 2 emission in order to protect the environment cannot be ignored.
Waste glass offers equal alternative options as a replacement material for conventional aggregate in concrete and incorporating crushed granular waste glass as aggregate in concrete not only benefits the environment but also reduces the need for extracting raw materials. Several research studies have been conducted on recycling and reusing of waste glass as a substitute for the use of natural aggregates in concrete. A study by Shayan and Xu (2006) observed that glass powder could be used as a substitute for aggregate or cement in concrete up to 30% without any negative long-term effects on the concrete. In addition, field trial application of waste glass in concrete slab led to the recommendation of the use of combined glass aggregate and powder to produce 40 MPa concrete mixtures (Shayan & Xu, 2006) . Topcu and Canbaz (2004) reported a decreasing tendency in the mechanical properties (compressive, flexural, and indirect tensile strengths) of concrete mixtures containing waste glass content as coarse aggregate replacement as the glass content increases. Results obtained by Olofinnade et al. (2017a) show a similar decreasing tendency for compressive and tensile strengths. However, it was found that 25% waste glass could be incorporated as a coarse aggregate replacement in concrete to improve the compressive strength of the concrete. Park, Lee, and Kim (2004) reported that the strength properties of concrete containing waste glass as fine aggregate exhibited a decreasing tendency with increasing waste glass content. A study by Olofinnade, Ndambuki, Ede, and Olukanni (2016b) recommended the use of combined fine and coarse glass aggregate by up to 25% content in concrete.
In addition, Ismail and Al-Hashmi (2009) opined that the observed low strength in glass concrete could be attributed to the weak adhesive bond between glass aggregate and the cement paste. Previous works have also reported the use of waste glass in finely powdery form as a partial substitute for Portland cement in concrete. From previous studies, it was reported that ground glass possesses pozzolanic capability at particle sizes below 100 µm, and its addition to concrete and mortar mixes has the capacity to enhance the strength development of concrete, increase resistance to sulphate attack and chloride ion penetration (Afshinnia & Rangaraju, 2015; Chen, Wu, & Yang, 2006; Idir, Cyr, & Tagnit-Hamou, 2011; Kara, Csetényi, & Borosnyói, 2016; Khmiri, Samet, & Chaabouni, 2012; Schwarz & Neithalath, 2008) . In addition, Metwally (2007) opined that finely milled waste glass have a significant influence on the mechanical properties of concrete at much later ages. A study by Shao, Lefort, Moras, and Rodriguez (2000) reported the feasibility of using crushed waste glass powder as a high-volume cement replacement in concrete. It was emphasized in their study that finely ground glass powder exhibited pozzolanic behaviour at particle size finer than 38 µm, and the pozzolanic activity could further be improved if the glass powder can be finer below 38 µm. Furthermore, studies by Khmiri et al. (2012) reported that glass powder having a particle size of about 20 µm improves its pozzolanic activity. A study by Olofinnade, Ede, and Ndambuki (2017b) mentioned that finely ground glass powder can be effectively deployed as inert material in the production of concrete with improved strength and better resistance to elevated temperature.
Several research studies have reported the limitations on the use of glass aggregate in concrete, which is the susceptibility of the glass aggregate material to chemical attack under high alkali environment from the hydrated cement paste in concrete or mortar resulting in the formation of alkali-silica reaction (ASR) gel. The reactive silica in glass interacts with the alkalis in the concrete pores to form a gel, and when this gel absorbs water it swells resulting in concrete instability and cracking. However, studies have reported some positive outcomes on mitigating the effect of ASR gel that occur due to the interaction between the alkalis in the pore solution of cement concrete and amorphous silica in the waste glass. These includes the use of pozzolanic materials or supplementary cementitious materials (SCM) as pozzolanic admixtures and low alkali cement in concrete, using lithium compounds in the concrete mixtures and crushing the glass into fine powder of at least 100 µm or less (Afshinnia & Rangaraju, 2015; Carsana, Frassoni, & Bertolini, 2014; Meyer, Egosi, & Andela, 2001; Tan & Du, 2013) . For instance, a recommendation of 20% fly ash and 2% lithium compounds was suggested by the study of Topcu, Boga., and Bilir (2008) as a replacement to mitigate the expansion caused by ASR in waste glass mortars. Furthermore, according to Meyer et al. (2001) , the deleterious effects of ASR in concrete can also occur in conventional concrete produced from natural aggregate containing reactive silica. The aim of this study is to investigate the feasibility of sustainable reuse of waste glass crushed into fine aggregate size as a replacement for sand in the production of moderate strength concrete.
Test programme
The proportions of the materials used to produce the concrete mixture in this study are presented in Table 1 . The proportion details the percentage proportion of the concrete constituents wherein the recycled waste glass sand aggregate was used to substitute the natural sand for each concrete mixture except the control.
Materials
All concrete materials used in this current study were locally sourced. Typical ordinary Portland cement which complied with ASTM Type I cement suitable for general purpose construction was used. The chemical composition of the cement was determined according to ASTM C114 (2015) using X-ray fluorescence (XRF). The chemical composition and physical properties of the cement are shown in Table 2 . The waste glass was collected from different waste disposal sites and glass workshops within the environment of Ota, Nigeria. The collected glass waste contains majorly flat glass (windows) and container glass. After collection of the glass wastes, the glasses were soaked in water, then the glasses were washed and air dried openly. The essence of this was to remove contaminants, paper and plastic labels, metals, and dirt before crushing the glass to the required particle sizes. Figure 1 (a) and 1(b) show an example of the glass type and particle sizes used in this current study. The chemical composition of the waste glass was determined using the X-ray fluorescence (XRF) and is presented in Table 3 . Visual comparison of the used river sand and crushed glass materials is shown in Figure 1 (a), 1(b) and 1(c). The natural fine and coarse aggregate used during this research work were commercially obtained. The natural sand of 4.75 mm maximum particle size having its particle size grading conforming to ASTM C136 (2014), while the gravel having a maximum size of 19 mm was used in this study. The physical properties of both the crushed waste glass, sand and gravel aggregate materials are presented in Table 4 . The particle size gradation for the glass sand, natural sand and gravel aggregate were carried out using sieve analysis and are presented in Figure 2 .
The metallic oxides composition of the cement as presented in Table 2 shows the alkali compound of the Portland cement was 0.18%, estimated from Na 2 Oeq = Na 2 O + 0.658K 2 O indicating that the cement contains a low-alkali content. The chemical composition clearly depicts the cement material having a high percentage of CaO content. The results of the chemical composition of the crushed waste glass particles show that the glass has a high percentage of silica (SiO 2 ) content and sodium compound, which indicate the glass material to be soda-lime (Table 3 ). The sieve analyses performed to analyse the particle size distribution of the materials are presented in Figure 2 . The sieve plots for the natural aggregate shows a consistent gradation of the particle size distribution, while the gradation curve for the waste glass fine aggregate also shows a very similar uniform gradation of particle size distribution and compared well with the River sand used for the concrete production. Results of the sieve analyses indicate that the crushed glass sand particles can be used to substitute sand materials or blend with the sand materials.
Experimental procedure

Concrete mix proportioning
In this study, two types of concrete mixtures were prepared. The first mixture, which is the control mixture, comprises of sand and gravel aggregate, Portland cement and water combined at a water-binder (w/b) ratio of 0.5 to produce the plain concrete used for this study. The other mixture comprise of glass sand (FWG) as both partial and complete substitute for the natural sand in percentage dosages of 25, 50, 75 and 100% with the same amount of cement, gravel and the constant water-binder ratio of 0.5 as in the reference mixtures. Table 5 gives a summary of the concrete mixture proportioning used. All mixtures were batched by weight, using a proportioning ratio of 1:2:4 (cement: sand: gravel) to gives a 28-day target strength of 20 MPa for a moderate strength concrete. Mixing of concrete was carried out in accordance with BS 1881-125 (2009). Workability of all freshly prepared concrete mixes was determined through the slump test in accordance with BS EN 12350-2 (2009).
Preparation and testing of concrete specimens
Prior to casting, all the walls of the steel moulds were lubricated with oil to prevent concrete adhesion and water loss so as to ensure smooth demoulding of the concrete specimens. Cubes of dimension 150 × 150 × 150 mm and cylinders of 100 mm × 200 mm in height were cast in three layers in the moulds and compacted using a vibrating table for about 1 min to remove air bubbles. The concrete specimens were removed from the moulds after 24 hours and to ensure good identification, each specimen was properly marked. All concrete specimens were immediately submerged in potable water for curing at room temperature and tested for compression and splitting tensile strengths at curing ages of 3, 7, 28 and 90 days. The compression and splitting tensile strengths were carried out in accordance with BS EN 12390 (2009) using YES-2000 compression machine (Figure 3) , and the average compression strength of three specimens was recorded for each testing age. The microstructural examination was conducted on fractured surfaces of concrete selected from the tested specimens. A small fractured concrete specimen was mounted on the scanning electron microscope (SEM) brass stubs, no coating or polishing was applied on the specimen surfaces. The microstructural examination was performed on concrete specimens using the Phenom ProX scanning electron microscope machine. A summary of the test programme used is shown in Figure 4 . The figure depicts a summary of the laboratory tests carried out on the concrete specimens containing FWG. All samples preparation, casting, and testing were conducted at the Structures and Material Laboratory of the Department of Civil Engineering, Covenant University, Ota, Ogun state.
Results and discussion
Properties of fresh concrete: workability
The test results for the slump recorded for the control and mixes containing fine glass sand at different proportion are shown in Figure 5 . The results show the initial true slump value of 55 mm for the control mix, while the mixtures containing waste glass sand show a reduction tendency in slump ranging from 9% to 27% in response to the increases in the waste glass content. The decrease shows a strong correlation value of r = −0.97. Slump is used to determine the consistency of concrete mixtures. The decrease in the consistency of concrete with increasing glass content may be as a result of the grain shape and angular geometry of the waste glass particles, which reduces the amount of cement paste and hence reduces the fluidity of the concrete mixtures. Such findings were also reported by Ismail and Al-Hashmi (2009) as well as Adaway and Wang (2015) . The slump result clearly depicts that concrete mixes containing glass sand would require more water content than traditional normal concrete mix to produce similar workability as observed by Polley, Cramer, and De La Cruz (1998) . However, in spite of the observed reduction in the measured slump results, all sample mixes were considered to have good workability. Figure 6 illustrates the compressive strength variation of control concrete and glass sand concrete for curing periods of 3, 7, 28 and 90 days, respectively. The results clearly indicate that the use of glass sand as a substitute for natural sand in concrete led to a reduction in the compressive strength as the percentage glass content increases beyond 50% replacement compared to the control. The decrease in compressive strength at both 28 days and 90 days of curing has correlation values of r = −0.69 and −0.60, respectively. However, from the result, concrete containing 25% glass content showed an increase in compressive strength from the early curing age of 3 days to 90 days. Moreover, concrete containing 50% glass content also showed comparable strength as those of the control concrete for all curing ages. The concrete mix containing 25% and 50% glass content as sand replacement achieved a 28-day compressive strength value of 23.9 and 23.3 MPa, respectively (20% higher than that achieved by the control). After 90 days of curing, the compressive strength increased by about 10% (26.67 MPa) and 4% (24.44 MPa) for 25% and 50% glass content, respectively. Meanwhile, concrete produced with 75% and 100% glass content showed the least compressive strength, achieving a 28-day and 90-day compressive strength values of 18.86 and 21.33 MPa, respectively for 75% glass replacement (about 6% and 3% lower than the strength achieved by the control). For 100% glass replacement, the 28-day and 90-day compressive strength values were 13.63 and 19.11 MPa, respectively (32% and 13% lower than that achieved by the control). The decrease in the compressive strength can be attributed to weaker bond and poor adhesion that developed at the Interfacial Transition Zone (ITZ) between the crushed glass particles and cement paste due to the smooth surface and angular shaped edges of the glass particles. The interaction between aggregates and cement paste in concrete at the Interfacial Zone is vital to the strength development of concrete. This is because the ITZ dominates the mechanical properties of the concrete as reported by Tan and Du (2013) . Poorly bonded concrete mix at the ITZ usually results in a lower compressive strength (Afshinnia and Rangaraju, 2016) . It should, however, be noted that concrete containing 75% glass sand (FWG) was able to achieve comparable strength with the control (achieving the target strength of 20 MPa after 90 days of curing). However, the optimum influence observed from the test results is at 25% natural sand substitute with blended glass particles (FWG) where the recorded characteristic compressive strength values at both early and later ages achieved 20% and 10% increase, respectively when compared with the control. The improved compressive strength value may be attributed to the geometry of the glass sand having increased surface area than the rounded natural sand particles which enables a greater bonding with the cement paste resulting in a much more improved concrete. The enhanced compressive strength, especially at later curing ages, can also be attributed to the influence of pozzolanic reaction. A similar pozzolanic effect was reported by Ismail and Al-Hashmi (2009) . Moreover, Figure 6 also clearly shows the strength development of the concrete for the different percentage increase and at different curing ages. As expected, the strength development of all concrete mixtures including the control increased with age. The failure pattern of concrete cubes specimen containing glass content was observed to be similar to that of conventional concrete cubes that have its failure line typically parallel to the direction of the applied load (Figure 8 (a) ).
Mechanical properties of concrete
Compressive strength
Splitting tensile strength
The splitting tensile strength test results are presented in Figure 7 for various curing ages. The recorded splitting tensile strengths for the glass sand concrete varied between 2.18 MPa and 2.78 MPa at 28 days curing; being lower than 3.80 MPa recorded for control. Moreso, Figure 7 depicts the split tensile strength results at 90 days of curing to be between 2.8 MPa and 3.61 MPa, which is lower than the 4.20 MPa achieved at 90 days for the control. The observed test results clearly indicate that the increase in the proportion of glass sand content in the concrete mixes led to the decrease in the split tensile strength of the concrete, which may be attributed to the decrease in the adhesive strength of the glass sand concrete as the proportion of the glass content increases. Furthermore, the decrease in strength may also be as a result of the nonhomogeneous distribution of the aggregates owing to glass shape and geometry. A similar decrease in splitting strength was observed by Zhao, Poon, and Ling (2013) . The decrease in tensile strength could be attributed to the weaker adhesive bond between the glass particles and binding paste as the proportion of the glass content increases. However, a lesser decrease in split tensile strength was observed for the concrete with 25% sand replacement, implying that the maximum influence is exhibited at 25% partial sand replacement with glass sand. But, further increase beyond the 25% reduced the tensile strength of the glass concrete. This implies that glass particles have a significant influence on the tensile strength development of the concrete, especially at higher percentage replacement. Figure 7 also depicts an increase in tensile strength of the concrete mixtures for both control and glass concrete specimens with curing age. However, a significant influence was observed to be at 25% partial natural sand replacement with glass sand. The observed splitting failure was through the middle as shown in Figure 8 (b). The obtained results clearly suggest that glass sand cannot be used to produce eco-friendly concrete by using more than 50% glass sand as a substitute for natural sand in order to ensure the production of moderate strength concrete of at least 20 MPa for structural application. Moreover, the results ascertain that percentage glass content in the range of 20-50% improved concrete strength as corroborated in Figure 9 . The response surface plot for the compressive strength indicates that the significant effect of the glass content on the concrete strength is at the range of 20-40% replacement. The response surface plot for the variables shows that the compressive strength decreases with the increase of FWG contents for all w/c ratios and curing ages. This clearly indicates that glass content has a more significant effect on the strength development of the concrete. An optimum mix was developed so as to determine the best characteristic compressive and split tensile strengths, and also taking note of the concrete durability by limiting the quantity of glass content to less than 25% in the concrete mix. Figures 10 and 11 show the results of the numerical optimization tests, which were carried out at 95% confidence prediction and desirability value of 0.8. The optimization results revealed that a mix proportion of 100% cement, 100% gravel, 80% natural sand, 20% glass sand and water cement ratio of 0.5 would give a compressive strength of 22.87 MPa and splitting tensile strength of 3.25 MPa after 28 days of curing.
Scanning electron microscopy (SEM)
The microstructural examination of selected samples was conducted to analyse the bond between the concrete aggregate and cement paste at the microscopic level. Mindess, Young, and Darwin (2003) reported that the bonding between the aggregate and binder is considered vital for better transfer of stresses between the binder and aggregates especially at the interfacial zone, which influences the concrete strength. The SEM analyses were conducted on selected concrete samples cured for 28 days. Figure 12(a) shows the SEM micrograph taken on the fractured surface of concrete without glass sand aggregate. It shows a welldeveloped aggregate-cement paste interface and the hydration product having a structure with no pores and cracks. However, Figure 12 (b) and 12(c) show the SEM images taken from the fractured surfaces of the concrete samples containing 25% and 100% glass sand aggregate (FWG) as a natural sand replacement, respectively. The SEM view of concrete containing 25% FWG shows compact microstructure like the control, however, very few voids can be seen but no cracks (see Figure 12b ). But the SEM micrograph for the 100% FWG clearly shows a microstructure with many pores, which may be as a result of the angular grain shape and smooth surface of the waste glass sand particles resulting in poor bond formation especially at the interfacial zone (Figure 12(c) ). According to Ollivier, Maso, and Bourdette (1995) and Mindess et al. (2003) , it was mentioned that the concrete strength at the interfacial zone is significantly influenced by factors like the surface roughness of the aggregate, using inert micro-fillers and chemical reaction between the cement paste and aggregate. The SEM result also shows a nonhomogeneous concrete paste owing to the glassy texture of the glass particles surface. This explains the low results recorded for both the compressive and tensile strengths at 28 days especially at higher replacement dosages of glass sand.
Conclusions
The following conclusions can be drawn from this research: Figure 11 . Optimized response surface of split tensile strength of glass sand concrete.
(i) The slump of the freshly produced concrete specimens decreases as the percentage of waste glass sand content increases. The reduction shows a strong correlation value of r = 0.97 which suggest that the fresh mixes show a decreasing tendency in workability as the waste glass content increases. This is believed to be caused by the grain shape of the waste glass sand particles.
(ii) A significant decrease in the compressive and split-tensile strengths of the waste glass sand concrete was observed as the proportion of waste glass content increased from 50% to 100% natural sand replacement. This could be attributed to the weaker bond that develops between the waste glass sand particles and binding cement paste occasioned by the angular nature of the glass at the interfacial zone.
(iii) Concrete produced with both 25% and 50% waste glass sand content as direct substitute for natural sand shows good improvement in compressive strength higher than the control at both 28 and 90 days of curing age. The optimum percentage with the highest compressive strength value is 25%.
(iv) The SEM examination clearly revealed poor contact bond between the crushed glass sand and cement matrix as evident by the increase in voids as the glass content increased in the concrete mixtures. This is caused by the weak bond between the glass sand particles and cement paste due to the smooth surface of the glass particles especially at the interfacial zone resulting in weak adhesion and low strength. (v) From the research findings, it is evident that sustainable eco-friendly concrete can be produced with waste glass sand blended with natural sand in concrete mixes up to 50% natural sand replacement for structural application. However, it is recommended that the percentage of glass sand content should be limited to below 25%. The achieved results reveal that recycled waste glass can be utilized to produce sustainable concrete in order to rid the menace of glass waste in landfill sites. In addition, further study should be considered on its long-term effect in concrete.
